Abstract. We previously demonstrated that sulforaphane (SFN) inhibited invasion via sustained activation of ERK1/2 in human glioblastoma cells. However, sulforaphane-cysteine (SFN-Cys), an analog of SFN, enriched in plasma with longer half-life, had more potentiality to induce apoptosis. Here we investigated the molecular mechanisms of SFN-Cys-induced apoptosis in human glioblastoma U373MG and U87MG cells. Cell viability assay showed that SFN-Cys inhibited cell viability in a dose-dependent manner. Cell morphology observation also showed SFN-Cys increased the phenotype of cell death in a dose-dependent manner. Furthermore, flow cytometry assay showed that SFN-Cys induced apoptosis significantly in a dose-dependent manner in both cell lines. Furthermore, western blot analysis demonstrated that SFN-Cys induced activation of ERK1/2 in a sustained manner and the activation contributed to upregulation of Bax/Bcl-2 ratio and cleaved caspase 3, and these results can be reversed by the ERK1/2 blocker PD98059. Our results showed that SFN-Cys induced cell apoptosis via sustained activation of ERK1/2 and the ERK1/2 mediated signaling pathways such as activation of caspase 3 and apoptosis-related proteins, thus indicating that SFN-Cys might be a more promising therapeutic agent versus SFN to resist glioblastoma cells, especially in Taxol-resistant cancer cells.
Introduction
Brain glioblastoma is a commonly occurred tumor with aggressive features. The therapeutic way to treat this disease is to use a surgical resection followed by a combination of radiotherapy and/or temozolomide (TMZ) chemotherapy (1) . However, glioblastoma cells often generate resistance to TMZ treatment and the average survival time for patients after general treatment is ~15 months (2, 3) . Therefore, it is essential to find an effective agent to treat glioblastoma, especially drug-resistant glioblastoma.
Numerous studies have suggested that sulforaphane (SFN) obtained from cruciferous vegetables induced apoptosis in a variety of tumors (4) (5) (6) (7) . In vivo, SFN is metabolized to produce sulforaphane-glutathione (SFN-GSH), sulforaphanecysteineglycine (SFN-CG), sulforaphane-cysteine (SFN-Cys), and sulforaphane-N-acetylcysteine (SFN-NAC) via mercapturic acid pathway (5, 8, 9) . Further studies showed that SFN induced cell apoptosis, inhibited cell proliferation, invasion and angiogenesis (10) (11) (12) (13) (14) . In human glioblastoma cells, it has been reported that SFN induced apoptosis (15) and our previous study showed that SFN inhibited cell invasion via ERK1/2 signaling pathway (12) . Compared with SFN, SFN-Cys inhibits histone deacetylase (HDAC) more efficiently and has longer half-life and retention time in vivo (8, 16) . HDAC is highly related to cell growth. Hence we assume that SFN-Cys inhibits cell growth and induces apoptosis with higher efficiency, it is important to investigate the underlying mechanisms. These results will provide new insight into the SFN analog anticancer effect, so that we might develop new anticancer agents.
The extracellular signal-regulated kinases (ERK1/2) regulate many cellular responses by phosphorylating a number of downstream effectors (12, 13, (17) (18) (19) (20) . Transient phosphorylation of ERK1/2 (5-15-min stimulation) contributes to cell growth (18) while sustained phosphorylation of ERK1/2 (>15 min stimulation) causes cell apoptosis (19) . Our previous studies demonstrated that SFN inhibited invasion by sustained activation of ERK1/2 to regulate E-cadherin and CD44v6 in human prostate cancer DU145 cells (13) and SFN-Cys suppressed invasion by sustained phosphorylation of ERK1/2 and downregulating galectin-1 in human prostate cancer DU145 and PC3 cells (20 (21) . Bax contributes to the apoptotic response of glioblastoma cells and the overexpression of Bax increases survival of glioblastoma patients (22) . Downregulation of Bcl-2 effectively induced apoptosis in glioblastoma cells (23) , while overexpression of Bcl-2 inhibited apoptosis and decreased the effect of radiotherapy or chemotherapy in many other cancers (24) . The apoptosisinducing ability of Bax is suppressed by Bcl-2 binding to its homologous C-terminal domain (25) (26) (27) . Thus, the increasing Bax/Bcl-2 ratio results in apoptosis in human glioblastoma cells while the decreasing Bax/Bcl-2 ratio represses cell apoptosis and contributes to the resistance of glioblastoma cells to chemotherapeutic agent (28) . It is reported that the upregulation of Bax/Bcl-2 resulted in the loss of mitochondrial membrane potential (MMP), inducing cell apoptosis via the intrinsic pathway in glioma cells (29) . Since the ratio of Bax/Bcl-2 is regulated by ERK1/2 signaling pathway (30), we hypothesized that SFN-Cys might induce intrinsic apoptosis by upregulating Bax/Bcl-2 ratio mediated via the activated ERK1/2.
Cysteine-aspartic proteases (caspases) constitute a family of proteolytic enzymes and are largely known for their functions in apoptosis (31) . The caspases are divided into two groups, the initiator caspases such as caspase 8 and 9 and the effector caspases such as caspase 3 (32, 33) . Caspase 3 exists as an inactive proenzyme while it is activated after cleaved by initiator caspases (34) . Cleaved caspase 3 in turn cleaves multiple cell substrates such as poly(ADP-ribose) polymerase (PARP), leading to cell apoptosis (35) . It is reported that SFN activated caspase 3 via ERK1/2 pathway, leading to cell apoptosis in human glioblastoma cells (36) . Additionally, caspase 3 is a downstream protein of Bax/ Bcl-2, and the upregulation of Bax/Bcl-2 ratio leads to the activation of caspase 3 (28) . Taken together, we thought that SFN-Cys might activate ERK1/2, increasing the ratio of Bax/Bcl-2 and upregulating cleaved caspase 3, which led to cell apoptosis in U373MG and U87MG cells. Altogether, our results provide evidence for SFN-Cys inducing apoptosis in glioblastoma, and further explore the underlying mechanisms, facilitating finding more natural products for treating glioblastoma.
Materials and methods
Reagents. D, L-Sulforaphane-L-cysteine (SFN-Cys) and caspase 3 antibody were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). DMEM/HIGH glucose culture medium was from Hyclone (Logan, UT, USA). Fetal bovine serum (FBS) was from Zhejiang Tianhang Biological Technology Co., Ltd. (Zhejiang, China). Penicillin-streptomycin was from Invitrogen (Carlsbad, CA, USA). Dimethyl sulfoxide (DMSO) was acquired from AppliChem GmbH (Ottoweg4, D-64291 Darmstadt, Germany). β-actin antibody was from Proteintech Group, Inc. (Chicago, IL, USA). CCK8 assay kit was from Dojindo Laboratories (Shanghai, China). Annexin V-FITC Apoptosis assay kit was acquired from Genstar (Beijing, China). Mitochondrial membrane potential assay kit with JC-1 was from Beyotime Biotechnology (Shanghai, China). pERK1/2 antibody, ERK1/2 antibody and PD98059 were acquired from Cell Signaling Technology, Inc. (Shanghai, China). The antibodies against Bax and Bcl-2 were from Sangon Biotech (Shanghai, China).
Cell culture. Human glioblastoma U87MG cell line was purchased from the Cell Resource Center, Peking Union Medical College (CRC/PUMC) and U373MG cell line was purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in DMEM/HIGH glucose culture medium supplemented with 10% FBS, 100 U/ml penicillin and 100 U/ml streptomycin in a standard humidified incubator with 5% CO 2 at 37˚C. The cells were treated with SFN-Cys for 24 h and pretreated with ERK1/2 inhibitor PD98059 (25 µM) for 30 min.
Morphological observation. U373MG and U87MG cells were seeded in 6-well culture plates and not exposed to SFN-Cys with different concentrations (0, 15, 30, and 45 µM) for 24 h until the cells were grown to 70% confluence. Cell morphology was observed with phase-contrast microscope at x100 magnification (Leica, Mannheim, Germany) and documented by the digital camera (Olympus, Tokyo, Japan) connected to the microscope.
Cell viability assay. The cell viability was evaluated by utilizing the Cell Counting Kit-8 (CCK-8) assay. Cells were seeded in 96-well plates at 5x10 3 cells/well and treated with various doses of SFN-Cys for 24 h. Then 20 µl CCK-8 reagents were added to each well and the 96-well plate was incubated at 37˚C for an additional 30 min. Then the absorbance was measured at 450 nm by a BioTek microplate reader (Synergy™ HT, BioTek Instruments, Inc., Winooski, VT, USA).
Flow cytometry analysis of apoptosis. Apoptosis was assessed by utilizing Annexin V-FITC/propidium iodide (PI) staining followed by flow cytometry. The cells were plated in 6-well plates and incubated with various concentrations of SFN-Cys (0, 15, 30 and 45 µM). After incubated for 24 h, cells were collected and centrifuged at 1000 rpm for 5 min. Then cells were washed twice with cold PBS to remove excessive medium. Next, the cells were re-suspended at a concentration of 1x10 6 cells/ml in binding buffer and incubated with annexin for 5 min V-FITC and PI was added afterwards at room temperature in the dark. All samples were analyzed on flow cytometry (FACSAria, BD Biosciences, San Jose, CA, USA) to determine the cell apoptotic rate.
Western blot analysis. Cells were collected and lysed with RIPA (Thermo Scientific, Waltham, MA, USA) combined with protease inhibitors (Roche, Mannheim, Germany) for 30 min. The cell lysate was centrifuged at 12,000 rpm for 15 min. Samples were separated on SDS-PAGE gels and then transferred to nitrocellulose membranes. Membranes were blocked with 1.5% BSA in TBS Tween-20 (TBS-T) buffer for 1 h and then incubated with primary antibody at 4˚C overnight. Afterwards, the membrane was washed with TBS-T for 30 min and then incubated with the fluorescence-labeled secondary antibody (LI-COR Bioscience, Lincoln, NE, USA) for 1 h. After washing, the membrane was scanned by Odyssey Infrared Imaging System (LI-COR Bioscience). The same membrane was stripped and incubated with β-actin antibody for equal loading and normalization.
Mitochondrial membrane potential assay. Mitochondrial membrane potential (MMP) was examined by using the mitochondrial membrane potential kit with JC-1. The cells were plated in 24-well plate and treated with drugs for 24 h. Then, cells were washed with PBS three times and incubated with 250 µl culture medium and 250 µl JC-1 working solution for 20 min in the dark at 37˚C. After that, the cells were washed three times (3 min each time) with ice cold JC-1 washing buffer. Images were captured by a fluorescence microscope at x200 magnification (Axio Imager A2, Zeiss, Jena, Germany). Fluorescent intensity was analyzed by Image-Pro Plus and the level of MMP was calculated as the JC-1 aggregate/monomer ratio.
Statistical analysis. Data are expressed as mean ± SD and the differences among the groups were analyzed by one-way ANOVA. P<0.05 was considered to be statistically significant.
Results

SFN-Cys dose-dependently decreases cell viability and
changed cell morphology. CCK-8 assay was utilized to examine the reduction of cell viability after cells were incubated with SFN-Cys in U373MG and U87MG cells. The cells were exposed to 0, 10, 20, 30, 40, 50, 60, 70 and 80 µM SFN-Cys for 24 h. SFN-Cys was found to decrease cell viability in a dose-dependent manner (Fig. 1) . Moreover, we found that SFN-Cys decreased cell viability remarkably when cells were exposed to 30 µM SFN-Cys for 24 h (Fig. 1A) . Cells treated with SFN-Cys of 0, 15, 30 and 45 µM for 24 h were observed by the light microscope. The cells treated by SFN-Cys were shrunken and exhibited rounded shape compared with the untreated cells. Microscopic images in Fig. 1B showed that the cell morphology exposed to 30 µM SFN-Cys for 24 h began to change.
SFN-Cys dose-dependently induces cell apoptosis.
Flow cytometry was utilized to prove whether the decrease of cell viability and the changes of morphology (Fig. 1) were caused by cell apoptosis. The cells were treated with 0, 15, 30 and 45 µM SFN-Cys for 24 h before flow cytometry analysis. The cell apoptosis rates are displayed in Fig. 2 . We found that SFN-Cys induced cell apoptosis in a dose-dependent manner in both U373MG and U87MG cells. In addition, compared with the untreated control, a significant increase of apoptosis rate was shown in 30 µM SFN-Cys treated cells. Moreover, apoptosis rate in U87MG cells was higher than that in U373MG cells, suggesting the distinct sensitivity to SFN-Cys between U87MG and U373MG cells. Taken together, we chose 30 µM SFN-Cys as an optimal concentration for the following studies. 
SFN-Cys dose-dependently activates ERK1/2.
U373MG and U87MG cells were treated with increasing doses of SFN-Cys (0, 15, 30 and 45 µM) for 24 h. Western blot analysis showed that SFN-Cys activated ERK1/2 (Thr202/Tyr204) in a dosedependent way and pERK1/2 was significantly increased at 30 µM of SFN-Cys (Fig. 3A) , which was in agreement with our previous studies that SFN and SFN-Cys contributed to the phosphorylation of ERK1/2 in prostate cancer cells (13, 20) . PD98059, ERK1/2 inhibitor, was utilized to investigate the role of ERK1/2 in SFN-Cys-induced apoptosis. Fig. 3B shows that the phosphorylation of ERK1/2 was significantly diminished in cells treated with both SFN-Cys (30 µM) and PD98059 (25 µM) compared with the cells treated with SFN-Cys alone.
SFN-Cys increases the ratio of Bax/Bcl-2 and upregulates cleaved caspase 3 by activating ERK1/2.
Western blot analysis was utilized to evaluate the expression of the apoptosis regulatory proteins. We have already demonstrated that PD98059 blocked the ERK1/2 signaling pathway activated by SFN-Cys (Fig. 3B ). As shown in Fig. 4 , the ratio of Bax/ Bcl-2 was increased in SFN-Cys-treated cells while the increased ratio was reversed by PD98059 in SFN-Cys with the PD98059 treated cells, indicating that Bax and Bcl-2 were the downstream effectors of ERK1/2. After cells were treated with SFN-Cys for 24 h, the expression of cleaved caspase 3 was significantly increased compared with the untreated cells. PD98059 reversed the expression of cleaved caspase 3 in both PD98059 and SFN-Cys treated cells compared with SFN-Cys only treated cells, suggesting that SFN-Cys induced cell apoptosis through sustained activation of ERK1/2 and subsequently activating caspase 3 in U373MG and U87MG cells. Altogether, these results indicated that SFN-Cys activated ERK1/2, increasing the ratio of Bax/Bcl-2 and upregulating cleaved caspase 3 in U373MG and U87MG cells. 
SFN-Cys induces the loss of mitochondrial membrane potential (MMP) by activating
Discussion
Dietary bioactive components of natural products have been extensively studied for cancer prevention and treatment with low toxicity (37) . Of all, sulforaphane (SFN) was demonstrated to be the safest for human cancer therapy (38) . Here we demonstrated that sulforaphane-cysteine (SFN-Cys), as a metabolite of SFN in vivo, has potentiality to induce apoptosis. By treating mice with 20 µmoles SFN, SFN was undetectable in brain by 2 h, while SFN-Cys was abundantly detectable in brain by 6 h, indicating that SFN-Cys could penetrate the blood-brain barrier (BBB) to target the tumor with a longer half-life compared with SFN in vivo (8) .
The specific hydroxamic acid group of SFN-Cys has greater affinity for Zn 2+ of histone deacetylase (HDAC) while SFN has little effect, suggesting that SFN-Cys has the most potentiality to inhibit HDAC (16) . Our previous results showed that SFN-Cys inhibited invasion in human prostate cancer cells (20) , herein the underlying mechanisms by which SFN-Cys induced cell apoptosis in human glioblastoma cells is demonstrated.
Both SFN-Cys and SFN could significantly decrease cell viability and induce apoptosis at 30 µM as an optimal concentration in U373MG cells and U87MG cells. The IC 50 of SFN-Cys was approximately 45 µM (Fig. 1A) while the IC 50 of SFN was ~60 µM (12) , suggesting that SFN-Cys was a more effective anticarcinogen than SFN. In previous studies, we demonstrated that ERK1/2 was sustainedly activated by SFN-Cys (20 µM) within 48 h in U373MG and U87MG cell lines (data not shown). Sustained activation of ERK1/2 mediated by SFN-Cys is a key trigger to induce apoptosis. The downstream effectors might be involved in apoptosis-related signaling pathways, such as the death receptor pathway and the mitochondria-related pathways. We further demonstrated that SFN-Cys (30 µM) induced cell apoptosis by upregulating Bax/ Bcl-2 ratio and causing the loss of mitochondrial membrane potential (MMP) through activating ERK1/2. Apoptosis might also involve multiple transcription factors, including early growth response 1 (EGR-1) and nuclear factor-κB (NF-κB) (39) (40) (41) . EGR-1 is known to be activated by ERK1/2 and it can bind to the Bax gene promoter to induce the expression of Bax (42, 43) . Given that SFN activates EGR-1 in glioblastoma (44), SFN-Cys might upregulate Bax by activating EGR-1 mediated by the ERK1/2 signaling pathway. NF-κB can be downregulated by ERK1/2 and the activation of NF-κB contributes to the upregulation of Bcl-2 (45, 46) . Besides, it was shown that SFN suppressed the activation of NF-κB to induce cell apoptosis, suggesting that SFN-Cys may downregulate Bcl-2 by suppressing the activation of NF-κB mediated by phosphorylating ERK1/2. We also demonstrated that SFN-Cys activated caspase 3 via the ERK1/2 signaling pathway, however, whether SFN-Cys activates caspase 3 by upregulating Bax/Bcl-2 ratio mediated by ERK1/2 is still unclear. The possible cause of the activation of caspase 3 is the release of cytochrome c from the mitochondria regulated by Bax/Bcl-2 (22, 47) . Bax, Bcl-2, caspase 3 and the disruption of MMP are the hallmarks of intrinsic apoptosis pathway, suggesting that SFN-Cys induced cell apoptosis in human glioblastoma cells via the intrinsic apoptosis pathway. Therefore, the underlying mechanism of caspase 3 activation is likely to be that the SFN-Cys-mediated increase of Bax/Bcl-2 ratio acts as an apoptotic stimulus resulting in MMP disruption, triggering the release of cytochrome c into the cytosol which then activates caspase 9 and activates caspase 3 subsequently via the ERK1/2 signaling pathway. Alternatively, in addition to cytochrome c, second mitochondria-derived activator of caspases (Smac) can be released into the cytosol as well and bind to the inhibitor of apoptosis (IAP) proteins to deactivate them, resulting in caspase 3 activation and cell death eventually (48) . It can be inferred that SFN-Cys may also induce cell apoptosis by triggering the release of Smac and subsequently deactivating the IAP proteins or just regulating the IAP proteins to deactivate them directly. Apart from the intrinsic apoptosis pathway, apoptosis is also sub-classified into two other types of death pathways; the death receptor-mediated (extrinsic) pathway and the endoplasmic-reticulum (ER) stress-mediated apoptosis pathway. The extrinsic pathway involves death receptors, from the tumor necrosis factor (TNF) superfamily, to transmit death signal from the surface to the intracellular signaling pathways, leading to the activation of caspase 8 and the subsequent activation of caspase 3 (49) (50) (51) . Also, the ER stress apoptosis pathway is triggered by the disturb folding proteins in the ER, leading to the activation of caspase 3 eventually (52). Since these two pathways could both be activated through the ERK1/2 signaling pathway (52, 53) and lead to the activation of caspase 3, we thought that SFN-Cys might induce cell apoptosis not only via the intrinsic pathway but via the extrinsic pathway and the ER stress-mediated pathway as well in human glioblastoma cells.
It is reported that caspase 3 executes cell apoptosis, to demonstrate which, Abdi et al administered z-VAD fmk (a pan-caspase inhibitor) and z-DEVD fmk (a selective caspase 3 inhibitor) to cells, respectively, and both of the inhibitors resulted in complete inhibition of apoptosis (54) . It can be inferred that activated caspase 3 was the executioner to cell apoptosis. Studies also showed that caspase 3 could cleave poly (ADP-ribose) polymerase (PARP) to deprive its abilities of detecting and repairing DNA damage, leading to cell apoptosis ultimately (35, 55) . The above suggested that the activated caspase 3 which was induced by SFN-Cys could cleave the specific substrates as a proteolytic enzyme, executing cell apoptosis. Thus, caspase 3 might cleave some other substrates in cancer cells as well, such as microtubule associated proteins which play a crucial role in cell apoptosis. In separate studies, we found that caspase 3 cleaved α-tubulin resulting in cell apoptosis (data not shown). The proteolytic activity of caspase 3 is also closely related to the ubiquitin-proteasome system (UPS): caspase 3 cleavage produces substrates such as actomyosin resulting in an increase of proteasome-mediated proteolysis (56) . Given that SFN-Cys-activated caspase 3 might cleave α-tubulin to increase proteolysis of UPS, this excessive proteolysis will result in microtubule depolymerization and apoptosis (57) . Taxol was used as a microtubule-stabilizing agent to prevent cancers, however, the glioblastoma cells often resist it (58) . Luckily, it is reported that SFN could induce cell apoptosis in Taxol-resistant cells (59) . These studies suggested that SFN-Cys might be a much more efficient microtubuletargeting agent compared with the traditional agent such as Taxol due to its versatile anticarcinogenic abilities. In addition, SFN can modulate epigenetic events. Previous studies showed that SFN induced cell apoptosis by regulating the level of epigenetic regulators such as polycomb group (PcG) proteins which contribute to chromatin structure modification and gene expression suppression. The SFN-mediated reduction of PcG proteins in a proteasome-dependent way led to an increase of cleaved caspase 3 and cell apoptosis (60) . This was consistent with our hypothesis that SFN-Cys-mediated proteolysis of UPS led to cell apoptosis. Thus, we inferred that SFN-Cys might also activate caspase 3 and induce cell apoptosis by modulating the epigenetic regulators mediated via UPS. Moreover, HDAC inhibitor increased the level of caspase 3 mRNA (61). This evidence suggested that the expression of caspase 3 could be epigenetically regulated by HDAC. Recently, HDAC inhibitors are used in epigenetic glioblastoma therapies (62) . Given that SFN-Cys was the most potential HDAC inhibitor among SFN and its metabolites, we think that SFN-Cys might induce cell apoptosis through the epigenetic regulation of caspase 3. Therefore, there are multiple ways for SFN-Cys to suppress the tumor progression and further studies needed to be done.
In conclusion, SFN-Cys upregulated Bax/Bcl-2 ratio and activated caspase 3 subsequently via sustained activating ERK1/2 signaling, leading to intrinsic apoptosis in human glioblastoma U373MG and U87MG cells (Fig. 6) . The underlying mechanisms that SFN-Cys triggered provided us with more thoughts and information to develop new drugs to treat glioblastoma with high efficacy.
